European Union (EU) member states are adopting the mechanical-biological treatment (MBT) of municipal solid waste (MSW) to comply with EU Landfill Directive (LD) targets on landfill diversion. We review the policy framework for MSW-derived solid recovered fuel (SRF), composed of paper, plastic, and textiles, in the energy-intensive industries. A comparatively high calorific value (15-18 MJ/ kg) fuel, SRF has the potential to partially replace fossil fuel in energy-intensive industries, alongside MSW in dedicated combustion facilities. Attempts by the European standards organization (CEN) to classify fuel properties consider net calorific value (CV) and chlorine and mercury content. However, the particle size, moisture content, and fuel composition also require attention and future studies must address these parameters. We critically review the implications of using SRF as a co-fuel in thermal processes. A thermodynamic analysis provides insight into the technical and environmental feasibility of cocombusting SRF in coal-fired power plants and cement kilns. Results indicate the use of SRF as co-fuel can reduce global warming and acidification potential significantly. This policy analysis is of value to waste managers, policy specialists, regulators, and the waste management research community.
Introduction
Municipal solid waste (MSW) management is of strategic concern across Europe. MSW growth, in England, for example, of ca. 2% w/w in 2004-05 (1) , is leading to implementation of a substantive program of policies and regulations targeted at decoupling economic activity from waste generation. A heavy reliance on landfilling makes meeting the targets for diverting biodegradable municipal waste (BMW), set by the European Union (EU) Landfill Directive (LD) (2) , difficult. In 2005-06, England landfilled ca. 62% w/w of its MSW (3) . To comply with legislation and manage waste as a resource, a strategic hierarchy is proposed that includes prevention, reuse or recycling, recovery in the form of energy, and disposal by landfilling (4) . Energy recovery has established benefits, though arguably it may restrict opportunities for recycling or composting and results in specific emissions of concern (5, 6) .
Mechanical-biological treatment (MBT) is an established technology to treat MSW in Germany, Italy, Austria, and The Netherlands (7) . MBT is a generic term for a number of similar processes treating mixed MSW, or fractions of MSW, in order to gain value from waste through the recovery of metals and energy (8, 9) . Several output streams are generated, including a compost-like digested material, a high calorific value (CV) fuel stream (15-18 MJ/kg), metals, and residuals. The high CV fuel stream typically comprises paper, plastic, and textiles. Being a waste-derived fuel, it can be used within the energyintensive industries. In the UK, waste-derived fuels from MSW are termed refuse-derived fuel (RDF) or solid recovered fuel (SRF), depending upon the fuel's characteristics.
SRF is a new terminology. SRF is more homogeneous and less contaminated than the generic RDF. RDF has been historically used in industrial and boiler applications (10) (11) (12) (13) (14) (15) (16) (17) and combustion studies for other waste-derived fuels such as tires, sewage sludge, and MSW exist. However, along with similar potential fuels (18, 19) , there is currently market confusion over the incentives and legal position for SRF. This review aims to correct this and present evidence for the use of MSW-derived SRF as a co-fuel within energy intensive industries. We set out to inform policy makers in their decision making, energy users in reducing their operating costs and emissions, and the waste industry in its efforts to meet LD requirements.
Critical Review
Legal and Policy Framework. Policy and legislative developments often emerge in a piecemeal fashion and, with the benefit of hindsight, can appear poorly integrated. Wastederived fuels are a case in point and their use is influenced by what we term "enabling" and "constraining" legislation (19) . The current position is complex and, to many, is confused ( Figure 1 ). The legal drivers encouraging the use of SRF as fuel include the LD (2), the Renewable Energy Directive (20) , the Climate Change Levy (CCL) (21) , the Substitute Fuels Protocol (SFP) (22) , and the EU Emissions Trading Scheme (EU-ETS) (23) .
The LD requires diversion of the biodegradable fraction of MSW and used tires from landfill. To meet the targets, an economic instrument, the Landfill Allowance Trading Scheme (LATS), encourages English waste disposal authorities to reduce their amounts of BMW destined for landfill (24) . Tradable landfill allowances are allocated to each local authority. Waste disposal authorities with insufficient allowances need to increase their diversion rate, purchase additional allowances, or borrow forward, up to 5% of next year's allowance. Exceeding their allowance may result in the imposition of a penalty of 210 euros/t of waste (24) . Furthermore, the UK landfill tax is increasing at an annual rate of ca. 5 euros/t to an anticipated peak at 56 euros/t, lending additional impetus for MSW treatment (25) .
The Renewable Energy Directive (20) encourages the use of waste-derived fuels to facilitate European compliance with Kyoto targets. Countries that have ratified Kyoto have to reduce their greenhouse gas emissions or engage in emissions trading. In the UK, solar, wind, biomass, tidal power, and advanced waste treatment, such as gasification, pyrolysis, and anaerobic digestion, are eligible for Renewable Obligation Certificates (ROCs) (6) . The biomass fraction of SRF may be eligible for ROC, if processed thermally at a dedicated power plant or co-fired power station (6) . Under the Renewable Obligation Order, the electricity generator is paid a minimum of 45 euros/MWhe in addition to the value of the wholesale electricity for power produced by the biomass fraction (26) . According to a recently published draft by the Department of Trade and Industry (DTI) regarding the Renewable Obligation Order (2006), a waste-derived fuel can qualify for ROCs if 90% of the total energy is produced by its biomass content, rather than 98% (27) . It is thought that the biomass fraction in MBT-derived fuel can be raised to 95% from an initial value of ca. 70% in mixed MSW (23) . Therefore, this directive has a positive incentive on the utilization of SRF within energy-intensive industries.
The CCL (21) is a tax on the use of energy (not carbon) in all nondomestic sectors, except the transport sector, or on fuels used for the production of other forms of energy such as electricity generation or for nonenergy purposes. This is an economic instrument targeted at reducing greenhouse gas emissions. A discount of 80% on the levy, until March 2003, was granted to business sectors that agreed to improve their energy efficiency or reduce their CO2 emissions. The discount since April 2003 has been dependent on their performance in doing so. In order to achieve set targets, industries require a substitution of conventional fossil fuels with those rich in biomass. MSW-derived SRF can be used along with other biomass fuels as replacement of fossil fuels.
The Substitute Fuels Protocol (SFP) relates specifically to the use of alternative fuels in cement kilns. The protocol, introduced by the environment regulator in England and Wales, the Environment Agency, sets out the principles and practices for carrying out trials of the use of substitute fuels in cement and lime kilns together with the associated regulatory requirements. In its revised form (22) , relaxed emission limits for NOx and particles have been permitted in cement kilns compared with those set for incinerators. Minimum limits on CV have been lifted, making lower-grade fuels suitable for burning. This means even though SRF produced from MSW may have lower CV than other waste derived fuels, such as tires and liquid solvents, it can be used in cement kilns. After the 2003 amendment, cement companies can get regulatory permission for burning in a single application rather than two separate applications, as was previously required, thus reducing the cost of investing in new fuel handling. In this sense, the SFP is facilitating as well as controlling the use of SRF directly.
The EU-Emissions Trading Scheme (ETS) (23) emphasizes the restriction of CO2 emissions from specific industries. In this market-based trading approach, emission credits are allocated to power generators and energy-intensive industries to match their CO2 output. In the first phase of the scheme (2005-2007) some industries, such as combined heat and power plants, cement manufacturers (having capacity greater than 500 t/d), coke ovens and refineries, iron and steel producers, glass and ceramics industries (capacities greater than 20 t/d), paper and pulp mills, and tile manufacturing industries have to manage their greenhouse gas emissions. In addition, any other sites combusting fossil fuel with greater than 20 MWth (thermal capacity) also must comply. The implementation of EU-ETS has forced more than 1200 installations across 25 European countries to constrain their emissions within an annual CO2 output, with a gradual reduction of allowances over time. Given this policy landscape, the utilization of low-carbon MSW-derived fuels is being doubly incentivized, in terms of diverting wastes from landfill and for renewable energy conversion. Power and heat producers prefer paper-and card-rich SRF due to the presence of a high proportion of biomass, as it is considered as carbon neutral (28) and provides a market value to SRF: (a) by reducing or eliminating the need to purchase EU allowances from the markets; and (b) by generating extra allowances for an end-user with enough existing credits, which can then be sold into the secondary market (6) . The EU-ETS acts indirectly on the co-combustion of SRF. However, its potential influence may be both positive for, and limiting of, co-combustion since it may cause the increased use of other biomass fuels such as wood waste.
The (31) . The WID governs the operation of all energy-recovery operations from wastederived fuels. It brings closer the requirements for incineration and co-incineration, but has created a divergence in the requirements for emission control. For example, air emission limit values for dust, NOx, and SO2 emissions are less stringent for cement kilns than for incineration facilities (32, 33) . WID imposes the same limit values for the incineration and coincineration of "untreated municipal waste". No clear meaning of the term "untreated" is offered. This can encourage SRF production which is more homogeneous and has a high calorific value, thus having a positive impact on the increase in pretreatments of residual waste. However, under WID, all existing installations may require an upgrade of their processes as well as pollution abatement equipment.
Integrated Pollution, Prevention and Control (IPPC) is the principal European environmental statute for large process plants. It requires best available techniques to protect the environment. All plants that thermally treat gases or solid fuels (produced from MBT processes) "with a capacity exceeding 3 t/h" are regulated by IPPC. In the UK, domestic transposition of this legislation, in the form of the Pollution, Prevention and Control (PPC) Regulations, specifies that all new and dedicated installations utilizing RDF/SRF (above 3 MWth input) be regulated under IPPC, except cement kilns and power stations that are burning these fuels as a substitute for, or in combination with, primary fuel in the course of manufacturing or other operations. In the UK, a new facility intending to use SRF as fuel would require planning permission, an environment impact assessment, a permit under the PPC Regulations, a best practicable environmental option appraisal, and a waste management license. The LCPD governs large power plants (thermal output greater than 50 MWth) that are required to reduce their sulfur and NOx emissions by taking remedial measures. Therefore, the directive controls directly only larger plants.
Two recent European Court of Justice (ECJ) rulings (6) are also of importance. One (Case C-228/00) ruled that the use of waste as fuel in cement kilns is recovery rather than disposal, when excess heat is used in the process. Conversely, a second (Case C-458/00) ruled that burning waste in a municipal incinerator, whether or not it reclaimed energy, should be considered as disposal. These judgements further reinforce the need for legal clarity. Figure 1 summarizes our assessment of the relative impact of legislation on the adoption of SRF co-combustion. The size of the arrow indicates the degree of influence of the legislation, while the position of the symbol to the right or left of the center line indicates the extent of constraining or enabling effect.
Composition of SRF and Design Considerations for its Use. SRF is prepared from nonhazardous waste and utilized for energy recovery (34) (35) (36) (37) (38) (39) (40) (41) (42) . Appendix I in the Supporting Information provides a summary of its production and essential characteristics, including a discussion of recent moves through introduction of the European standard, CEN/ TC 343 "solid recovered fuels", to lend consistency to SRF production. Different unit process options exist for energy recovery from SRF (6, 32, 35, 37, 43, 44) . Appendix II of the Supporting Information summarizes these options for the reader.
EU Experiences of MBT Processes Producing SRF from MSW. Several MBT processes exist hat have different preferences for the product output, including SRF, compost, and digestate. We review two MBT processes, the Ecodeco and Herhof processes producing SRF from MSW. Both employ bio-drying to stabilize the solid waste prior to extensive mechanical refining. SRF from the Herhof process is known by a trade name, Stabilat. In the Sistema Ecodeco process, shredded waste is converted into stabilized, sanitized, odorfree material in 12-15 days by bio-drying. During the biological process, the temperature is maintained between 50 and 60°C. The material is then separated in different streams using various mechanical methods. This produces 50% w/w SRF (∼ net CV of 15-18 MJ/kg), which is used in different energy-intensive industries. For instance, at the Corteolona site (Italy), SRF is fed into a fluidized-bed plant to produce electricity (9 MW e) (46) . Land requirements for plants having capacities of 60 000 tpa and 180 000 tpa are 15 000 m 2 and 35 000 m 2 , respectively (47) . The Herhof process works on a similar principle. Here, residual waste is stabilized in 300 t capacity boxes. Air is passed through the base of the box and the waste is kept enclosed for 7 d. The dried material is mechanically sorted to separate various outputs. One, SRF, has a high CV of 17 MJ/kg (48) . The fuel produced in the Dresden plant (Germany) is used for methanol production. Capital costs for smaller and larger plants are ca. 12 million euros and 36 million euros, respectively. Operational expenditure can vary from 22 to 75 euros/ton of waste.
Strategic Evaluation of SRF within Sustainable Waste Management. The generation and utilization of wastederived fuels occurs within a strategic waste planning context in which local authorities (municipalities) seek to deliver sustainable waste management. Various appraisal tools are available to help contextualize the use of SRF. For example, Lee et al. (36) evaluated the performance of different residual MSW management options in terms of electrical yields. MBTderived SRF showed optimal performance with electricity yields for SRF of 928 kWh/ton compared to 714 kWh/ton with incineration, the latter calculated on the basis of 25.4% thermal conversion. A sensitivity analysis revealed this value did not alter significantly with a change in waste composition. While calculating the electric yield of MBT-derived SRF, it was assumed that 50% w/w of the biodegradable fraction was converted into SRF and the CV of SRF was 16.5 MJ/kg. The efficiency of the generator was assumed to be 40%. However, the energy required to generate SRF using an MBT process was not taken into account in this analysis, though it is suggested that this is ca. 30 kWh/ton of input material.
Chackiath and Longhurst (49) evaluated waste technologies from a local authority perspective of national policy compliance aiming to minimize costs, promote technology acceptability, and reduce planning risk. Their technology assessment for municipal waste treatment in Greater London used a multicriteria analysis in which different technologies were assessed for (i) the track record in treating the specified waste; (ii) BMW diversion from landfills; (iii) quantity of waste disposed to landfills; (iv) timescales; (v) total expenditure (capital and operational); (vi) revenues; and (vii) land take for the facility. MBT with SRF was the preferred option to treat residual MSW.
The performance record of a technology is important in investment decisions because many of the statutory waste management targets have to be met immediately. A technology's "bankability" (i.e., its ability to attract financial investment from banks based on its likely operational performance) is a critical factor. BMW diversion is a crucial factor in the EU because if BMW diversion does not meet statutory targets, it now incurs financial penalties as explained above. The delivery time taken from design to commissioning is a further important factor. Longer times result in noncompliance with targets. Total expenditure including capital and operational costs, revenues, and land requirement are the other criteria to assess the feasibility of the process. Anaerobic digestion and composting were assessed (49) for source-separated organic waste (a mixture of green, kitchen, and food waste), whereas, other technologies, such as, MBT with SRF, MBT with anaerobic digestion, MBT with compostlike material, energy from waste, and advanced treatment technology were assessed for residual MSW. The analysis revealed that MBT with SRF is the preferred current option to treat residual solid waste. The capital cost of all MBT treatment methods was the same (23 euro m). However, the operational cost was least for MBT with SRF (48 euro/t) compared to other MBT and thermal processes. Also, design to commissioning time was lower (3 years) compared to that of other energy recovery options (typically ca. 11 years).
The Borough of Telford and Wrekin (50) carried out a best practicable environmental option (BPEO) study for their municipal waste strategy (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) . Views from public, industry, and community groups were elicited and preferences were assigned to different options. An MBT process performed the best among the options studied, followed by incineration. This study may assist waste management decision makers, but market availability, the use of digestate/ compost, regulatory change, and environmental permit feasibility must be considered before reaching any decision (Table 1) .
Energy and Mass Flow Modeling. For this analysis, a mass and energy flow analysis (19) was performed with the objective of assessing the technical and environmental performance of SRF in two co-combustion scenarios: (1) co-combustion with coal in a coal-fired power plant for power generation (assuming 2 GW power station, SRF 10% of input on dry solid (DS) basis); and (2) co-combustion in a cement kiln for using power and/or heat (CHP) (assuming 300 kt DS/y coal consumption, SRF 20% of input on DS basis). Compositional data for coal and SRF are presented in Table 2 .
The thermodynamic model performed energy and mass balances for incineration, steam generation, and electricity/ power generation. The energy consumed during transportation was not taken into account. In addition, any need for fuel drying was eliminated as SRF is used in combustors as received. Fuel mixtures containing coal and SRF were assumed to be added directly to the combustion chamber (Figure 2 ) with either the combustor generating direct heat (dotted line arrangements after combustor) at 50% thermal efficiency or steam (solid line) (30% efficiency) to generate a 90% efficient generator to produce electricity. It was assumed the exit temperature of hot gases released from the combustor/boiler after combustion was 150°C. The flue gas stream then passed through an electrostatic precipitator and a scrubber for removing dust and gases (SO2 and HCl), respectively.
Data on the fuel feed rate, moisture content, ash content, and elemental composition were used as inputs for the thermodynamic models. To ensure complete combustion, 30% v/v excess air was supplied to the combustor. From the model inputs, fuel consumption, heat loss, electricity production, heat availability, flue gas emission, and ash production were measured. It was assumed that all sulfur and chlorine present in the fuel mixture were converted into SO2 and HCl. In this analysis, 6% nitrogen from fuel was converted into NO and N2O in a 1:1 ratio (19) . Using these results, the effect of SRF on the power/heat production, potential greenhouse gas emissions, net effect on acidification (in terms of SO2), and potential contribution to winter smog were evaluated (Table 3 ) by comparing the model output for cocombustion with that for coal alone.
Electricity/heat production decreases due to the lower calorific value and higher moisture content of SRF. Heat loss in removing the moisture reduces the boiler efficiency. However, the global warming effect was found to be reduced significantly. This is due to the presence of biomass-derived material (ca. 70% w/w) in SRF. A reduction in acidification potential was observed due to a lower sulfur content in SRF (0.24% w/w compared to 1.1% w/w in coal). However, a projected increase in winter smog potential was observed due to the higher ash content in SRF. The analysis illustrates the trade-offs in substituting SRF for coal and the relative benefits that can be secured. A reduction in electricity can be compensated for by the lower SRF cost. Good quality SRF having a CV >20 MJ/kg and chlorine content <0.5% w/w can be available at a cost of -5 to 10 euros/t to the cement industry (26) . Oxford Economic Forecasting (51) speculate that cement production could increase by 22.7% between 2002 and 2012, further enhancing the demand for SRF.
Discussion
Legislation on the definition of waste and, specifically, the point at which materials exit the chain of utility has been a recurrent constraint on our progression toward a resource management economy. As illustrated for biosolids (19) , an absence of clarity can result in lost opportunities to secure the benefits of energy recovery from waste. With energy costs rising steeply in Europe amid concerns around the security and diversity of supply, the need to diversify the fuel mix and release biomass fuels, such as SRF, to the market is pressing. Recognizing this, the European Commission is seeking to clarify the legal situation on waste used as fuel and is collating case studies on industry byproducts that become waste, a commitment made in the Commission's 2005 waste thematic strategy. Below, we offer insights into the opportunities for the use of SRF and a rationale in each case. It is believed that power plants, the cement industry, industrial boilers, and dedicated incinerators could be potential end-users of SRF in the UK. Of these, cement production is highly energy intensive. Fuel accounts for 30% of total operating costs (52) and the sector is a major generator of CO2. The use of SRF as a co-fuel would be a significant step toward sustainable integrated waste management (53, 54) , especially as SRF produced from say, the Herhof process, emits less carbon per unit of electricity production compared with conventional fossil fuels (55) . Unresolved issues related to SRF include its reproducible homogeneity in terms of the net CV offered, the gaseous and heavy metal emissions, and storage of the material. Mechanical waste separation can improve homogeneity (56) and for end users, the material must be dry and stabilized, so that odors and the energy requirement for driving off moisture are minimized, and the material must be friable and uniform for easy handleability.
An assessment of the environmental impacts of RDF production and use was explored using a life cycle assessment (LCA) methodology (32) . In the study, use of RDF in brown and hard coal power plants, cement plants, and MSW incineration plants was compared. The analysis suggested the greatest impacts were likely to be from emissions of mercury and cadmium at cement works and brown-coalfired plants. Several pilot plant studies with co-combustion of RDF with wood chips, coal, and peat suggest the increase in NOx, HCl, particulate matters, and heavy metals (Cu, Cr and Pb) (10) (11) 13) . The alkaline environment in the kiln neutralizes acid gases (HCl and SO2). The use of such fuels also reduces net CO2 emissions significantly, but can promote NOx emissions in coal-fired power stations if NOx abatement equipment has not been installed (57) . Emission control for NOx and SOx is needed by installing selective catalytic regeneration (or staged combustor or low NOx burners, depending upon boiler configuration) and flue gas desulfurization techniques. This would incur additional installation costs but gate fees and revenues may compensate. The chlorine content in waste-derived fuels is much higher than that in fossil fuels. Reliable information about the fate of chlorine species and Na, S, and K is required (58) . For example, a study of the release of HCl from combustibles in MSW during incineration found the main source of inorganic chlorine was food waste and the major portion of organic chlorine was present in rubber and plastic (59) . Though the organic chlorine in wood, paper, and textiles is small, even wood and textiles contribute significantly to HCl production.
SRF obtained from the Ecodeco process possesses a heavy metal content substantially less than the UK specification for substitute waste-derived fuels in cement kilns (6, 60) , though Hg, Cd, Ni, and Cr contents were higher in SRF than mixed MSW. On the other hand, Pb and As were found in much lower quantities in SRF ( Figure. 3).
Other researchers have undertaken technology assessments of SRF. Maunder and Haggard (61) discuss projectspecific technical, environmental, and regulatory risks for securing finance to implement different waste processing technologies, including composting, anaerobic digestion, advanced thermal treatment, and MBT. Despite not being a fully proven technology in the UK, most MBT facilities did not present a substantive process risk. Their study suggested the key risks associated with the availability of markets for MBT outputs (like SRF) can be eliminated by establishing short-term contracts (3-5 years) rather than the current 20-25 year arrangements with local authorities.
The economics of any utility process is affected by the geography of a country (logistics), the waste "catchment" (volume), and the scale and rate of supply of the conventional fuel (materials flow). If suitable facilities are available to make use of waste-derived fuel and conventional fossil fuel is in short supply, then alternative fuels clearly become more viable (32) . Local market conditions dramatically affect the feasible use of RDF/ SRF (such as gate fees, transportation costs, and low cost of landfilling). In some situations, monocombustion of the RDF/SRF may be advantageous; for example, if two or more MBT facilities construct a single dedicated facility for fuel combustion. However, financial viability will be affected by the price for treating the fuel in dedicated facilities or sending the fuel to industries such as cement manufacture and revenues from the sale of energy (62) .
For thermal waste treatment, public acceptability is critical and public engagement (43) , where the benefits and impacts are discussed early on, is now expected. As MSW-derived fuel appears to not have the same negative image to incineration, cement industries are using it in place of fossil fuel (45) . Kakaras et al. (63) are studying SRF as coal substitute in the electricity generation sector. To date, their results indicate that the co-combustion of SRF could be a feasible and environmentally beneficial process.
Moving to a resource management economy requires the clarification of conflicting statutory instruments. The waste management and power generation sectors are respectfully cautious adopters of new technology and change because of the need to secure disposal routes and the supply of electricity. Further, the economics of alternative fuel use are marginal, and constraining legal burdens, even where there is accompanying facilitating legislation, can tip the balance against their use. Strong market incentives and regulation are required that provide clear market signals to the combined objectives of reduced carbon, environmental protection, and resource efficiency.
This review has illustrated the benefits that can be secured through the utilization of SRF in the energy-intensive industrial sectors and the legal complexity that faces plant and environmental managers in these industries. The role of the research community is, in part, to provide greater certainty on the performance characteristics of SRF and its production. Our own work is focusing on the process optimization of SRF and monitoring gaseous pollutants, ash, and heavy metals emissions during pilot plant scale cocombustion studies.
